Introduction
A variety of morphogenetic events during metazoan development such as cell fate determination, proliferation and differentiation require a highly regulated network of signaling pathways resulting in distinct cellular responses. Cellsurface receptors and tyrosine kinases often play an important role in the control of these processes (Schlessinger, 2000) . Among the growth factor receptors, the best understood example is the epidermal growth factor receptor (EGF receptor) that plays important roles in physiological and pathological processes. Unlike the vertebrate homologues the Drosophila genome contains only a single gene encoding a member of the EGF receptor family, called DER/EGFR. In Drosophila, the EGFR pathway is required at multiple times during fly development such as oogenesis, axis determination and sensory organ formation during embryonic and imaginal disc development (Shilo, 2003 (Shilo, , 2005 zur Lage et al., 2004) .
The emergence of Drosophila sensory organs depends on a selection process called lateral inhibition where only one cell is singled out of a group of equivalent proneural cells to become a sensory organ precursor (SOP) (Campos-Ortega, 1995; Culi et al., 2001; Culi and Modolell, 1998; Gomez-Skarmeta et al., 2003 , 1995 . The Drosophila notum bears many mechano-sensory bristles, 22 large macrochaetes and about 200 smaller microchaetes. In both cases, bristle formation and spacing requires cell-cell communication mediated by lateral inhibition. The microchaetes on the notum are arranged in rows and are variable in number and position within the rows. Unlike the microchaetes, the large macrochaetes are not arranged in rows, their number is constant and they are formed from proneural clusters at fixed stereotypic positions (Simpson, 1997; Simpson et al., 1999) . Once determined, the SOP undergoes a series of stereotyped asymmetric cell divisions giving rise to the different cells comprising an individual sensory organ. In Drosophila, two major antagonistic signaling pathways regulate the formation of SOPs, the Notch and the EGFR signaling pathway (Culi et al., 2001) . Notch is pivotal for the process of lateral inhibition which restricts the formation of neural cells (Lai, 2004; Lai and Orgogozo, 2004; Schweisguth, 2004) . Alternatively, activation of the EGF receptor (EGFR) positively regulates SOP formation (Culi et al., 2001; zur Lage et al., 2004) . Loss of EGFR function leads to a loss of sensory macrochaetes whereas gain of EGFR-function evokes the formation of additional macrochaetes by stimulating proneural gene autoregulation (Culi et al., 2001; zur Lage et al., 2004) .
Upon EGFR activation in Drosophila a membrane-localized protein complex is formed acting through the Ras-signaling (for review see Schlessinger, 2000; Doroquez and Rebay, 2006) . The activation of Ras results in the translocation of di-phosphorylated MAPK from the cell surface to the nucleus, where it leads to the expression of the proneural gene scute, which in turn promotes sensory organ development (Brunner et al., 1994; Culi et al., 2001; zur Lage and Jarman, 1999; zur Lage et al., 2004) .
Here, we show that Abi regulates sensory organ development by modulating EGFR signaling. Following expression of an activated Abi (Abi Myr ) in proneural clusters, we noted an increase in MAPK activity. Inhibition of the EGFR pathway suppresses the formation of ectopic sensory organs evoked by Abi
Myr
. Furthermore, co-expression of activated Abi Myr and EGFR dramatically enhances the induction of extra-sensory organs. This effect also depends on the presence of active Abl tyrosine kinase, which stabilizes and further stimulates Abi by tyrosine phosphorylation . We show that the physical interaction of Abi and EGFR depends on the membrane recruitment whereas the ability of the complex to induce neural development depends on both the membrane localization and the C-terminal SH3 domain of Abi, which can bind Wasp as well as the Abl kinase. Our data suggest that once Abi is recruited to the membrane, EGFR signaling becomes activated to promote SOP development.
Results

Abi
Myr affects lateral inhibition during sensory bristle development
We have recently shown that expression of a membranetethered myristoylated Abi (Abi Myr ) protein resulted in the formation of additional SOPs and subsequently in the formation of additional bristles on the fly notum (Bogdan et al., 2005) . Using the sca-GAL4 driver for target gene expression in the proneural cluster (Koelzer and Klein, 2003) , we found ectopic sensory organs most frequently on the head as well as on the scutellum (Fig. 1A-D) . Ectopic sensory organs had normal socket cells and a normal neuronal innervation ( Fig. 1I and  J) . In most cases, no epidermal cells separate the different sensory organs suggesting that lateral inhibition failed to select individual SOPs from the proneural clusters (Fig. 1G, H and J).
Myr expression does not only affect mechano-sensory organ development on the notum but also chemosensory organ formation on the wing (Supplementary Figure S1) . Whereas some additional sensory bristles are observed on the wing margin upon expression of Abi Myr , the number of campaniform sensilla is dramatically changed on the L3 vein compared to wild type (Supplementary Figure S1A and C) on average 17.8 instead to 4 chemosensory organs are formed, n = 20 wings per genotype). As the bristle phenotype on the notum, the formation of additional campaniform sensilla requires wasp function. Co-expression of Abi
Myr with the Wasp ÁCA dominant-negative protein partially suppresses the formation of ectopic sensory organs (Supplementary Figure  S1E ; 5.5 instead of 17.8 campaniform sensilla, n = 20 wings per genotype).
The proneural function of Abi depends on EGFR function
The Notch and the EGFR signaling pathways act antagonistically in the formation of sensory organs (Culi et al., 2001 ). The induction of ectopic sensory organs could be due to either a decreased Notch signaling or it might be caused by an overactivation of the EGFR pathway. To better understand how Abi influences sensory organ development, we first tested the level of Notch activation following Abi Myr expression. Notch activity was assayed using a Su(H)-lacZ reporter (Furriols and Bray, 2001 ) but no differences were detected (Supplementary Figure S2 ). Similarly, no alterations in the expression level of Notch were found (data not shown). We next analyzed possible interactions with the EGFR pathway. If Abi acts through the EGFR pathway, suppression of EGFR function is expected to suppress the neurogenic phenotype caused by Abi Myr expression. Conversely, an increase in the phenotypic severity is expected following coexpression of wild type EGFR. To suppress EGFR without affecting its requirement during embryogenesis, we utilized a dominant-negative form of the EGF receptor (UAS-EGFR-DN; Freeman, 1996) that we conditionally expressed from first instar larvae onwards using the combined GAL4/GAL80 ts (TARGET) system (McGuire et al., 2003) . At permissive temperature, flies carrying the scaGal4 driver, tubP-Gal80 ts and
UAS-Abi
Myr or/and UAS-EGFR-DN do not show any changes in sensory bristle number ( Fig. 2A-D) . After a heat-shock of first instar larvae, expression of Abi Myr induces ectopic sensory bristles (Fig. 2F ) whereas the expression of the dominant-negative EGFR protein leads to a loss of sensory bristles (Fig. 2G ). However, co-expression of both proteins results in a suppression of the neurogenic phenotype induced by Abi Myr indicating that the proneural activity of Abi requires an intact EGFR signaling pathway (Fig. 2H ). The expression of EGFR-DN also affects the regular distribution of microchaetes that remains unaffected in animals coexpressing Abi
Myr . Additionally, we suppressed EGFR function by expression of Kekkon1, a known inhibitor of EGFR (Ghiglione et al., 1999) . Expression of Kekkon1 in the proneural cluster leads to frequent loss of sensory bristles (Fig. 2M ). Co-expression of Abi
Myr and Kekkon1 results in a strong reduction of ectopic bristles and campaniform sensilla induced by Abi Myr ( Fig. 2N ;
Supplementary Figure S1I ) suggesting that the neurogenic phenotype depends on EGFR activity. It is known that activation of the EGFR pathway results in the formation of ectopic sensory organs ( Fig. 3C ; Supplementary Figure S1F ; Culi et al., 2001 ). Co-expression of Abi Myr and EGFR in proneural clusters results in a dramatic increase in the number of macrochaetes and dense bundles of bristles decorating the notum ( Fig. 3D ; Supplementary Figure S1G ). Most of these flies die before or shortly after enclosure. Thus, it appears that Abi enhances the ability of the EGFR to induce sensory bristle development.
Activation of Abi leads to an activation of MAPK and depends on Raf activity
The status of EGFR activity is closely linked to the phosphorylation level of the mitogen activated protein kinase (MAPK), a downstream target of EGFR signaling (Shilo, 2003) . The spatial pattern of MAPK phosphorylation and thus activity can be determined using an antibody directed against diphosphorylated, activated MAPK (Gabay et al., 1997) . In wild type third instar larvae wing imaginal discs, activated MAPK is found in the wing margin and the proveins (Gabay et al., 1997) (Fig. 4B, arrowheads) . Following Abi Myr expression in the scabrous pattern (Fig. 4C) , we noted an increase in MAPK activity most notably in the third provein and the wing margin (Fig. 4D, arrowheads) , which correlates well with the observed sensory organ phenotypes ( Fig. 1; Supplementary Figure S1 ). Thus Abi Myr expression might lead to a concomitant activation of the EGFR signaling, which then results into the induction of ectopic sensory organs.
To further test this assumption, we analyzed genetic interactions with components of the canonical Ras/Raf/MAPK signaling pathway. Previous reports demonstrate that sensory bristle development requires the activation of the serine/threonine kinase Raf (Culi et al., 2001) . Heterozygous loss of the pole hole gene encoding the Raf kinase in animals expressing Abi Myr leads to a strong decrease of the number of ectopic bristles and ectopic campaniform sensilla ( Fig. 4G and H ; Sup- plementary Figure S1J ; Melnick et al., 1993) . This observation suggests that the neurogenic phenotype is due to an activation of the Ras/Raf/MAPK pathway, the main target downstream of the EGF receptor.
Recruitment of Abi to the membrane leads to a Abldependent tyrosine hyperphosphorylation
How does Abi mediate the activation of EGF receptor? Abi was originally identified as a binding partner of the Abl nonreceptor tyrosine kinase (Dai and Pendergast, 1995; Shi et al., 1995) . Therefore, we next examined a possible function of Abl during sensory organ development. Indeed, overexpression of Abl induces ectopic sensory bristles similar to Abi Myr (Fig. 5A) .
Moreover, co-expression of Abl with Abi Myr (Fig. 5B ) or with EGFR ( Fig. 5D ) results in a dramatic synergistic enhancement of the neurogenic phenotype. In contrast, suppression of Abl function by expression of the kinase-defective version Abl K417N (Fogerty et al., 1999) that acts as a dominant-negative protein leads to a strong suppression of the Abi Myr induced phenotype ( Fig. 5C; Supplementary Figure S1L) . In contrast to the Abi Myr overexpression, the Abl gain of function phenotype cannot be suppressed by co-expression of the EGFR inhibitor Kekkon1 (Fig. 5E ) or reduction of pole hole function (Fig. 5F ). These observations suggest that the induction of extra-sensory organs by Abl does not depend on neither a functional EGFR signaling or on an activation of the Ras/Raf/MAPK pathway. In previous studies it has been shown that Abi acts as an activator as well as a substrate of the Abl tyrosine kinase . Additionally, it has been recently shown that the reciprocal regulation of Abi phosphorylation by Abl and the tyrosine phosphatase PTP61F also regulates the localization and stability of Abi (Huang et al., 2007) . Supporting this notion, we observed an Abi-dependent tyrosine hyperphosphorylation in wing discs upon Abi Myr expression (Fig. 6D-F) , which could be suppressed by co-expression of a kinase-deficient Abl protein ( Fig. 6G-I ). This decreased tyrosine hyperphosphorylation correlates with the suppression of the neurogenic phenotype of Abi Myr in animals co-expressing Abi Myr and Abl K417N (Fig. 5C) . Interestingly, the level of phosphorylation also correlates with the level of Abi protein, suggesting that tyrosine phosphorylation promotes Abi stability as seen in Drosophila S2 cells (Huang et al., 2007) . Similarly, expression of an Abi deletion mutant lacking the SH3 domain (AbiDSH3
Myr
) that can only weakly interact with Abl (Dai and Pendergast, 1995; Shi et al., 1995) leads to a reduced tyrosine phosphorylation (Fig. 6J-L) . Similar results were obtained in transfected Drosophila S2R+ cells (Fig. 7) . Cells overexpressing soluble Abi protein did not show any alterations in the phosphotyrosine level (Fig. 7A, E and I) , whereas cells overexpression of Abi
Myr or AbiDSH3
Myr show a dramatically increased tyrosine phosphorylation (Fig. 7B , F, J and C, G, K). Again hyperphosphorylation induced by the membrane-tethered full-length Abi protein was significantly stronger as seen in third instar wing disc expressing Abi Myr (compare Fig. 7F with G and Fig. 6E with K) . Thus, Abi promotes tyrosine phosphorylation by Abl and in turn becomes highly phosphory- Fig. 5D with Fig. 3D ). The induction of ectopic bristles by Abl cannot be suppressed by co-expression Kekkon1 (abl kek1) (E) or by reducing the gene dose of the Raf kinase pole hole (abl phl) (F). (G) For quantitative analysis of the abovementioned phenotypes the number of the dorsocentral macrochaetes was scored. n = 30 flies per genotype; except * , n = 10 flies.
Fig. 4 -Activation of Abi leads to an activation of MAPK and depends on Raf activity. (A-D) Confocal sections of third instar larval wing imaginal discs. (A) Wild type imaginal wing disc, no Abi expression can be detected using our Abi antibody. (B) Wild type MAPK activation is observed in the wing margin (wm) and the proveins (pv) (arrowheads). (C) Following Abi Myr expression (red), (D) increased levels of MAPK activity can be detected (arrowheads). (E) Wild type notum. (F) Expression of
lated by Abl resulting in increased protein stability. This positive regulatory loop could imply an important mechanism for regulating the level of Abl kinase activity during sensory organ development. 
Interaction of Abi and EGFR requires membrane localization
The above-presented data suggest the presence of a common Abi -EGFR complex. To test this directly, we performed immunoprecipitation studies in S2 cells expressing EGFR and different variants of Abi (Fig. 7) . In this experimental paradigm no association of EGFR with soluble Abi was detected ( Fig. 7M and O) . However, when targeted to the membrane, full-length Abi is found in a complex with the EGFR (Fig. 7M and O) . Interestingly, a C-terminal Abi truncation mutant that lacks the SH3 domain required for Wasp and Abl binding also co-precipitates with the EGFR (Fig. 7M  and O) . This indicates that the recruitment of additional proteins interacting with the Abi SH3 domain such as Wasp or Abl is required to promote a functional complex since the myristoylated SH3-truncated Abi variant is not able to induce ectopic sensory organs. Within the complex, both AbiMyr and AbiDSH3
Myr are tyrosine phosphorylated (Fig. 7N) .
Possibly due to the high levels of EGFR activation in S2 cells we did not detect changes in its phosphorylation status after transfection with different Abi expression construct (Fig. 7D, H, L and N) .
Discussion
One important early step in the formation of sensory organs represents the expression of the proneural genes that are initially expressed throughout the neurogenic region, but then become refined to proneural clusters from which a single sensory organ precursor cell (SOP) will be selected during lateral inhibition. Activation of the EGFR signaling pathway stimulates proneural gene expression and excess of EGFR activity will allow additional cells in the proneural cluster to become SOP's.
Here, we have shown that overexpression of the Abelson kinase and its activator Abi is sufficient to promote the formation of ectopic sensory organs. In our previous work we observed a partial loss of sensory organs in adult flies expressing a double-stranded abi RNA (Bogdan et al., 2005) . However, expression of double-stranded RNA can lead to off target effects and confirmation of the mutant phenotypes by genetic analysis is needed. To address this question we have now generated abi null alleles (R.S. unpublished results). However, animals lacking zygotic abi function die relatively late during development as early pupae and no defects can be noted in the SOP pattern. This suggests that either abi is not required for SOP development or that its function is obscured by maternal contributions. In support for this notion we can still detect residual Abi protein in homozygous abi mutant larvae (R.S., unpublished). In addition as previously reported for the abl kinase gene, abi might be integrated into a complex genetic network that masks direct requirements. The role of Abl is only exposed by the simultaneous loss of interaction partners such as disabled or failed axon connections (Henkemeyer et al., 1987; Gertler et al., 1989 Gertler et al., , 1993 .
The Abi proteins are versatile molecules comprised of multiple protein-protein interaction domains allowing the formation of different protein complexes. Abi does not only function as an activator of the Abelson kinase but in turn Abl positively regulates Abi stability through phosphorylation Huang et al., 2007) . Moreover Abi plays an important role in regulating F-actin dynamics by activating Wave and Wasp proteins, two main activators of Arp2/3-dependent actin polymerization (Bogdan et al., 2005; Dai and Pendergast, 1995; Innocenti et al., 2005 Innocenti et al., , 2004 Kunda et al., 2003) .
How can alterations in actin dynamics modulate EGFR signaling? Previous studies showed that cytoskeletal rearrangements are likely to induce the asymmetric distribution and clustering of the EGFR in neuronal stem cells to generate diverse CNS progenitor cells (Sun et al., 2005) . Since Abi functions as a potent activator of Wasp (Bogdan et al., 2005; Innocenti et al., 2005) , the enhanced formation of F-actin may lead to clustering of the EGF receptor at the membrane to stimulate its sustained activation (Ichinose et al., 2004; van Belzen et al., 1990) .
The enhancement of actin polymerization may also affect endocytosis of the EGFR, which is F-actin dependent and as recently shown can be promoted by Abi and Wasp activity Innocenti et al., 2005; Sirotkin et al., 2005) . Although it has long been assumed that endocytosis is the main pathway involved in down-regulation of the EGFR, endocytosis is also directly linked to EGFR activation (Di Guglielmo et al., 1994; Le Roy and Wrana, 2005; Miaczynska et al., 2004) . Block of endocytosis of the EGFR specifically abrogates MAPK activity (Kranenburg et al., 1999; Vieira et al., 1996) . Thus Abi could be involved establishing active signaling compartments. Unfortunately, at present we do not have the molecular tools to determine the subcellular localization of the activated EGFR in the developing fly.
In addition, activation of the Abi complex may recruit kinases such as Abl to the EGF receptor. Abi acts as a positive regulator of the Abl kinase activity promoting the phosphorylation of several substrates including Mena/Ena, Wave, NWasp, the B-cell adaptor for phosphoinositide 3-kinase (BCAP) or Cdc2 (Burton et al., 2005; Leng et al., 2005; Lin et al., 2004; Maruoka et al., 2005; Tani et al., 2003) . Interestingly, Abi is also a substrate of Abl resulting in increased protein stability Huang et al., 2007) . This positive regulatory loop could hint to an important mechanism for regulating the level of Abl kinase activity during sensory organ development. Indeed, co-expression of Abi
Myr with a kinasedefective Abl suppresses tyrosine hyperphosphorylation as well as reduces the level of the Abi Myr protein expression, corresponding to a strong suppression of the number of ectopic sensory organs induced by Abi Myr . However, the induction of ectopic sensory bristles by Abl does not depend on an intact EGFR signaling or on an activation of the Ras/Raf/MAPK pathway. Co-expression of Abl and EGFR results in an increase of sensory organs but inhibition of EGFR by co-expression of Kekkon1 or heterozygous loss of pole hole function are not sufficient to suppress the Abl-induced neurogenic phenotype suggesting that Abi and Abl act in parallel. In conclusion, we propose that the complex of Abi and the EGFR is joined by Abl, which stabilizes not only Abi but also stimulates Wasp function (Burton et al., 2005; Li et al., 2001; Ting et al., 2001) , highlighting the intricate interaction between cytoskeletal dynamics and signaling during sensory organ development.
4.
Materials and methods
Genetics
All crosses were performed at 25°C unless otherwise indicated. (Bellen et al., 1989) ; phl 7 , phl C110 (Melnick et al., 1993) ; UAS-kekkon1 (Ghiglione et al., 1999) ; scaGal4 (Klaes et al., 1994) . Transgenic flies carrying the following constructs were obtained from the Bloomington Stock Center: UAS-rfp
Myr
, UAS-egfp and tubP-Gal80 ts . To determine the gain of function phenotypes of abi we used the GAL4 system. Transgenic flies carrying the following constructs UAS-abi, UAS-abi Myr , UAS-abiDSH3Myr were generated as described previously (Bogdan et al., 2005) . The full-length abi Myr construct was generated as a N-terminal fusion of the abi ORF to first 88 amino acids from the Drosophila Src-1 kinase (Simon et al., 1985) . The abiDSH3Myr construct lacks the last 53 amino acids.
Immunohistochemistry
Immunohistochemistry was performed as described (Pielage et al., 2003) , except for anti-MAPK * staining, tissues were fixed in PBS with 4% formaldehyde, dissected, stored in cold methanol for 2-4 h and washed with PBS containing 0.1% Tween 20. Antibodies were used as follows: affinity-purified anti-Abi polyclonal antibody: 1:100; anti-Notch antibodies (C458.2H, C17.9C6 and F461.3B, Developmental Studies Hybridoma Bank): 1:10 and anti-MAPK * (Sigma): 1:200; anti-hindsight (1G9, Developmental Studies Hybridoma Bank): 1:10).
4.3.
Cell culture, cell transfection and coimmunoprecipitation Drosophila S2R+ cells were propagated in 1· Schneider's Drosophila media (Invitrogen) supplemented with 10% FBS, 50 U/ml penicillin, and 50 lg/ml streptomycin in 75-cm 2 T-flasks (Sarstedt) at 25°C. Drosophila Schneider S2R+ cells (3 · 10
5
) were co-transfected with pUAST constructs encoding different Abi variants (0.5 lg) and Act5C-GAL4 DNA (0.5 lg) and pRmHaDER (0.5 lg) using Fugene reagent (Roche) as described previously (Bogdan et al., 2004) . Expression of DER protein was induced with 700 mM CuSO 4 for 24 h. For co-immunoprecipitation 10 7 cells were harvested and lysed in 0.8 ml ice-cold lysis buffer 50 mM Tris, pH 8, 120 mM NaCl, 0.5% NP-40 and protease inhibitor cocktail (Roche). Lysates were centrifuged 10 min at 10,000g to yield the cytoplasmatic supernatant. The cytoplasmatic supernatant was subjected to immunoprecipitation with polyclonal anti-Abi antibody immobilized by protein G beads (30 ll). The immunoprecipitates (30%) were separated per lane on standard SDS-PAGE, and proteins were analyzed by Western blots using rat anti-DER antibody (a gift from B. Shilo; 1:1000). The input control was 10 ll of the original lysate.
